ABSTRACT: A powerful early approach to evaluating the druggability of proteins involved determining the hit rate in NMRbased screening of a library of small compounds. Here, we show that a computational analog of this method, based on mapping proteins using small molecules as probes, can reliably reproduce druggability results from NMR-based screening and can provide a more meaningful assessment in cases where the two approaches disagree. We apply the method to a large set of proteins. The results show that, because the method is based on the biophysics of binding rather than on empirical parametrization, meaningful information can be gained about classes of proteins and classes of compounds beyond those resembling validated targets and conventionally druglike ligands. In particular, the method identifies targets that, while not druggable by druglike compounds, may become druggable using compound classes such as macrocycles or other large molecules beyond the rule-of-five limit.
■ INTRODUCTION
Among the distinct proteins encoded by the human proteome, it had been estimated that only about 3000 belong to structural families for which small molecule (i.e., synthetic organic) drugs have been developed. 1 Many biologically compelling drug targets belong to other protein families that lack such empirical proof of principle that they can be inhibited by small molecule drugs. Consequently, approaches to assessing the druggability of potential drug targets, i.e., the likelihood of being able to identify a druglike small ligand that can modulate the activity of the target, have emerged as an important tool for target-based drug discovery. We note that throughout this perspective, we call a small compound druglike if it satisfies Lipinski's rule of five (no more than five hydrogen-bond donors, no more than 10 hydrogen-bond acceptors, a molecular mass less than 500 g/ mol, and an octanol−water partition coefficient not greater than 5). 2 There are two major approaches to determining the druggability of a protein. One is based on empirical analysis of known target/drug associations, 1, 3, 4 which can be applied only when the protein in question belongs to a well-studied family that includes close homologues for which reliable druggability information is available. The other is based solely on analysis of the structure of the target protein. 5−17 For novel targets, from families for which no drugs or advanced drug candidates are known, one has to rely on the latter method of structure-based predictive models. This approach was pioneered by Hajduk et al., 7 who re-examined the results of NMR-based fragment screening for a diverse set of 23 proteins and observed a high correlation between the fragment hit rate and the ability to identify high-affinity (K d < 300 nM) druglike ligands. They used these data to derive a regression-based model to predict the likely fragment hit rate for untested targets, based on structural properties of the protein binding site such as total and apolar surface area and pocket compactness, generating for each a predicted druggability score, defined as the logarithm of the predicted NMR hit rate. The regression formula provided a good approximation of the original hit rates and, as we will show, resulted in fairly accurate prediction of druggability. Another important contribution came from Cheng et al., 8 who used the curvature and the lipophilic surface area of pockets to predict the maximal affinity achievable by passively absorbed drugs. Despite its simplicity, the model also provided good discrimination of druggable binding sites from those labeled as difficult or undruggable, but it was tested only on a limited number of proteins.
To further improve druggability prediction, a variety of methods have been published in the last 6 years, with most of them trained on the growing number of protein targets with some level of druggability information available. 5, [10] [11] [12] 14, 16 For method validation, Schmidtke and Barril compiled a large set of protein targets with associated degrees of druggability. 11 Krasowski et al. 12 added further proteins to the training set and developed the DrugPred druggability score. All of these methods are based on the analysis of various pocket properties, including hydrophobicity, size, compactness, hydrogen-bond donor and -acceptor surface areas, and amino acid composition in pockets. Thus, evaluating the druggability of proteins with respect to conventional druglike compounds is now a mature technology that can perform such assessments with some reliability. However, this technology has considerable limitations. Apart from the NMR-based fragment screening by Hajduk et al., 7 all methods correlate pocket properties with druggability data available for traditional targets and therefore, in essence, simply evaluate whether the novel target in question contains a binding pocket that in some sense resembles pockets on known druggable targets that bind conventional druglike ligands. Moreover, the methods provide a single druggability scale that attempts to capture both the expected affinity that can be achieved as well as the druglikeness, and, implicitly, the potential for oral biovalability, of ligands that will potentially bind to the site. A general shortcoming of all of these methods, therefore, is that they are poorly equipped to evaluate the druggability of proteins with surface topologies that substantially differ from the relatively small number of protein families for which drugs or high-affinity druglike ligands exist, such as protein−protein interaction (PPI) targets, or to assess the potential of any target to bind ligands that do not conform to conventional definitions of druglikeness. Moreover, because these methods are parametrized rather than being based on biophysical principles and return only a monolithic measure of druggability, they provide little insight into why a particular target is or is not druggable and therefore into the prospects that strong binding might be achievable by an appropriately chosen nontraditional drug chemotype such as a natural product, a macrocyclic compound, 18 −21 a covalent inhibitor, 22−24 or a peptide-derived foldamer. 25−28 It is additionally noteworthy that, among the above methods, only Seco et al. 9 explicitly take into account the potential for conformational flexibility of the protein to affect the druggability of a binding site. The other methods base their analysis on static X-ray crystal structures. Several of the studies did, however, test the robustness of their results to variations in protein conformation, by comparing the results obtained after computationally perturbing the structure 10 or by comparing the results obtained for different crystal structures of the same target protein, 5, 8, 11, 12 and generally reported that the ability to identify druggable sites was not greatly sensitive to such conformational effects. Other work has suggested, however, that conformational adaptivity at the binding site can substantially affect druggability, in cases where the alternative conformations that are sampled through thermal motions persist for a sufficient period of time. 29 In this perspective, we first discuss the advantages of the fragment screening approach used by Hajduk et al. 7 and introduce an analog of the method that uses a computational algorithm rather than experimental NMR data for fragment screening. The computational approach was used to evaluate some of the historical druggability results published during the past decade, including the 23 proteins considered in the NMRbased screening study 6, 7 and the additional set of 72 proteins previously studied by the regression model, based on the NMR results and developed by the same authors. 7 We also studied the protein set selected by Cheng et al. 8 and some of the more contentious results from the DrugPred algorithm of Krasowski et al. 12 As will be shown, the method can reliably reproduce earlier druggability results. Moreover, evaluation of the small number of cases in which the original assessment was uncertain or was subsequently proved to be incorrect shows that the method presented here can, in fact, provide an even more meaningful assessment of druggability. We additionally show that biophysics-based computational approaches (as opposed to empirical approaches that are parametrized against a particular training set of protein−ligand complexes) are now sufficiently reliable that they can be used to address the potential for highly challenging or atypical drug targets, such as protein−protein interfaces, to be addressed using non-canonical drug chemotypes such as synthetic macrocycles. These methods, therefore, point the way to expanding the range of drug targets that can be addressed by using chemotypes that are known to be pharmaceutically relevant but that fall outside of conventional druglike chemical space. We also provide detailed discussion of the druggability of six targets of high pharmaceutical interest for which the prospects of success have been controversial.
Experimental Fragment-Based Analysis of Druggability. As already mentioned, the structure-based analysis of druggability was introduced in a landmark paper by Hajduk and co-workers, 7 who re-examined the results of NMR-based fragment screening experiments and observed a high correlation between the fragment hit rate and the ability to identify high-affinity druglike inhibitors. This early method has two major advantages over more recent approaches. First, by determining the binding locations of fragment-sized compounds, the screening based method automatically identifies the binding site. In contrast, the prediction methods described in the Introduction are based on the analysis of pocket properties, primarily size, shape, complexity, and hydrophobicity, and thus have first to select the binding site residues. As noticed by Rarey and co-workers, 17 pocket descriptors depend heavily on correctly selecting the region of the protein surface that is most likely to form a binding site. This is a nontrivial task for a ligand-free protein and is also complicated by potential conformational differences between ligand-bound and -free structures. Second, as Hajduk et al. 7 were aware, their method actually identifies binding hot spots, i.e., regions of the binding site that contribute a disproportionate amount of the binding free energy 30, 31 and hence that are primarily responsible for ligand binding, in contrast to other methods that base their predictions on global pocket properties without regard for the extent to which sites within the pocket can contribute significant binding energy.
The concept of hot spots was originally introduced in the context of mutating interface residues to alanine in protein− protein or protein−peptide interfaces. 30,32−34 On the basis of this method, a residue is considered to be a hot spot if its mutation to alanine gives rise to a substantial drop in binding affinity. The concept was extended to the binding of small molecules by Ringe and co-workers, who used X-ray crystallography to determine the structure of the target protein soaked in aqueous solutions of 6−8 organic solvents. 35, 36 By superimposing the structures in these so-called multiple solvent crystal structure (MSCS) experiments, regions that bind multiple different probes were detected. 35, 36 While individual probes were able to bind at a number of locations, their clusters
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Perspective indicated binding hot spots. In their NMR-based experiments, Hajduk et al. 7 incubated the target protein with a series of small organic probes, generically referred to as fragments, and used the perturbations in residue chemical shifts to identify residues that participate in small molecule binding, thereby also finding the binding hot spots. While results of the MSCS method requiring the determination of X-ray structures in multiple solvents were reported only for a few proteins, 36−40 Hajduk et al. 7 analyzed the results of NMR-based fragment screening for 23 proteins. These results convincingly demonstrated that the small fragment probe ligands cluster at hot spots and that the hit rate predicts the druggability of the site, 7, 35 thereby initiating the development of structure-based druggability conditions.
Computational Fragment Screening by FTMap. On the basis of the above results from the Hajduk 7 and Ringe 35 groups, NMR and X-ray based fragment screening provides information on druggability and is now broadly used in pharmaceutical research. 41, 42 However, the experiments are expensive and may be hampered by the requirement that the target protein be expressed and purified in relatively large quantities for experimental analysis. 17 Thus, it is desirable to replace these experimental methods with in silico approaches to evaluating druggability, particularly when exploring novel targets. Hajduk et al. 7 accomplished this goal by constructing a regression equation to express the NMR hit rates in terms of pocket properties. In this perspective, we describe druggability conditions based on direct simulation of the X-ray and NMRbased screening experiments. In fact, modeling the weakly specific binding of small and rigid ligands to proteins is not very difficult and hence computational methods offer attractive alternatives. 43, 44 We use computational solvent mapping, implemented as the FTMap algorithm. 45 The method places small molecular probes of various sizes and shapes on a dense grid around the protein, finds favorable positions using empirical energy functions, refines the bound positions while accounting for side chain and probe flexibility, clusters the conformations, and ranks the clusters on the basis of the average energy. All ligands and crystallographic water molecules are removed prior to mapping, and the probes are initially distributed over the entire protein surface without any assumption as to the location of the binding site(s). As has been extensively validated, the regions that bind multiple lowenergy probe clusters, called consensus cluster (CC) sites, identify the locations of the binding energy hot spots. 40,45−50 The CCs are ranked on the basis of the number of probe clusters contained, which we have shown corresponds to relative energetic importance, 51 and are denoted as CC1, CC2, and so on. The CC with the highest number of probe clusters in the binding site of interest is defined as the primary hot spot, whereas other CCs with fewer probe clusters are secondary hot spots.
FTMap has been implemented as a server (http://ftmap.bu. edu/), which currently uses 16 small molecules as probes (ethanol, isopropanol, isobutanol, acetone, acetaldehyde, dimethyl ether, cyclohexane, ethane, acetonitrile, urea, methylamine, phenol, benzaldehyde, benzene, acetamide, and N,Ndimethylformamide). The server and its potential applications were recently discussed in detail. 52 We explored the use of substantially larger probe libraries, but, since this did not affect druggability predictions, we returned to the 16 compounds whose aqueous solutions have been used previously in mapping experiments based on NMR 53 or X-ray techniques. [35] [36] [37] [38] 54 Since most probes include both polar and nonpolar moieties, our mapping results show that the highest number of probes cluster in pockets that have a mosaic-like pattern of hydrophobic and polar regions, enabling the binding of many different compounds in a variety of poses.
48
Druggability Analysis by FTMap. As will be described, we have mapped and analyzed over 150 ligand−protein complexes as well as the corresponding ligand-free proteins. To establish objective FTMap-based criteria for evaluating the druggability of proteins, we set out to benchmark our results by using the 16 probe types used in the FTMap server. For most target proteins, we mapped both the highest resolution ligandfree and -bound structures available in the Protein Data Bank (PDB). 55 As explained below, generally, druggability can best be determined by mapping the ligand-free structure; although analysis of ligand-bound structure provides additional information, in most cases it is used only to indicate the binding location of a known ligand. On the basis of the analysis of this large set of proteins, we have observed that the hot spots of druggable proteins satisfy conditions on (1) strength, (2) connectivity or compactness, and (3) the maximum dimension of the hot spot region. We describe the origin of these conditions in turn.
As already mentioned, Hajduk et al. observed that the hit rate in fragment screening is a predictor of druggability. 7 In agreement with this observation, we have previously established that, when using 16 probes for the mapping, the sites that are known to be druggable invariably contain a strong hot spot containing 16 or more probe clusters. 48 Indeed, among the 121 drug targets considered in earlier studies by Hajduk et al. 7 and Cheng et al., 8 and also examined by FTMap here, only in a single case was there a druggable target with known, potent ligands that had fewer than 16 probe clusters in the strongest hot spot at the drug binding site ( Figure S1 ), whereas we found 21 such targets among those that experimental evidence suggests are not druggable ( Figure S2 ). Since FTMap clusters probe positions using pairwise 4 Å root-mean-square deviation (RMSD) as the clustering radius, the probe clusters are relatively small; thus, a consensus cluster (CC) can include several clusters of the same probe type. Thus, the requirement of 16 probe clusters does not imply that a druggable site has to bind all 16 different probes, although very frequently this is the case. FTMap analysis of the targets considered herein indicates that the requirement for a hot spot of at least 16 probe clusters is the most important condition for druggability: without it, high-affinity binding is essentially impossible (Figure S1 ).
The second condition, requiring connectivity or compactness, is based on the observation that a druggable site should also include one or more secondary hot spots that are close enough to the primary hot spot to be reached by a drug-sized molecule. 48 For the current work, we attempted to establish a quantitative threshold for how close these additional hot spots must be to support the strong binding of a druglike ligand so that we could include this measure as part of an objective metric for site druggability. We therefore analyzed the separation between hot spots seen for a large set of druggable sites that bind druglike ligands with molecular weight not exceeding 500 g/mol, as shown in Figure S3 . The results show that the mean distance between the centers of CCs in druggable sites (i.e., the points with the highest density of probe atoms within the consensus clusters) is between 5 and 6 Å. However, to avoid missing any druggable sites, we designated 8 Å as the maximum allowed distance between connected hot spots, which captures over 99% of the druggable
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Perspective sites. In evaluating druggability, we used this criterion for hot spot proximity to characterize the ensemble of hot spots that constitute a particular binding site. Specifically, we first selected the primary hot spot in a given site (not necessarily CC1) to form the kernel of the ensemble. The ensemble was then expanded by iteratively adding all secondary hot spots within 8 Å from any hot spot already in the ensemble until no further expansion was possible. In this process, secondary hot spots with less than three probe clusters were ignored.
The third criterion involving the size of the hot spot region is based on the observation that a binding site can be too small to be easily druggable. It is well-known that very small binding sites, and the fragment-sized ligands that bind to them, tend to be promiscuous. 56−60 Indeed, this fact is implicit in the observations that experimental fragment libraries containing only 1000−2000 compounds typically provide multiple hits when screened against essentially any druggable target and that a druggable site is characterized by the observation of a high fragment hit rate, indicating that each site can bind many different fragment structures. 56, 57 Thus, while a small site containing one or more strong CCs can be sufficient to enable strong ligand binding, for the binding to be selective, it appears to be also necessary that the site be sufficiently large and topologically complex that a ligand that is complementary to this site is unlikely to bind as strongly to unrelated sites. 42 As the simplest way to capture the extent of the binding site, or at least that portion of the binding site that is relevant for the generation of binding energy with the ligand, we simply report the longest dimension of the CC ensemble, which we defined as the distance between the two most widely separated probe atoms across the ensemble of probe clusters. In the following analysis, we found that the maximum extent of the binding site should exceed 10 Å for a site to be considered druggable. Indeed, among the druggable targets that have known druglike ligands, we found only three violations of this rule ( Figure S4 ).
On the basis of the three properties described above, we classify target sites on proteins into four broad classes of druggability (Table 1) .
(1). Druggable. A binding site is categorized as druggable with respect to conventional, druglike (e.g., rule-of-five compliant) 2 compounds if it meets the following criteria: (a) it includes a strong primary hot spot with at least 16 probe clusters, denoted S ≥ 16. (b) One or more secondary hot spots are connected to the primary hot spot with a center-to-center distance (CD) < 8 Å. (c) The maximum dimension (MD) of the connected hot spot ensemble is at least 10 Å, i.e., MD ≥ 10 Å (Table 1) .
(2). Not Druggable. If the primary hot spot is very weak (S < 13) or if the hot spot ensemble is very small (MD < 7 Å), then a site is not druggable irrespective of the compounds used.
(3). Non-canonically Druggable−Large. If a sufficient number of sufficiently strong hot spots are present (S ≥ 16) but the hot spot ensemble is too sparse, requiring a center-tocenter distance exceeding 8 Å to reach a secondary hot spot from the primary one, then small druglike compounds cannot bind with sufficient affinity. However, the evidence indicates that such sites generally can bind strongly to larger but still pharmaceutically relevant compounds such as macrocycles 61, 62 or peptide/peptidomimetic foldamers. 63, 64 As will be discussed, it is possible that a subset of hot spots can satisfy the conditions CD < 8 Å, S ≥ 16, and MD ≥ 10 Å but that there exist additional strong hot spots beyond the ensemble. In such cases, the target is druggable using druglike molecules, but there is the potential for binding affinity to be improved if the size of the compounds is increased to reach all hot spots, although doing so will likely require using compounds that are large and so lie outside of conventional druglike chemical space.
(4). Non-canonically Druggable−Small. Another class of sites is encountered when the hot spot ensemble is small but not very small (7 Å ≤ MD < 10 Å). Such sites may be druggable using ligands with a charged group that is not fully desolvated upon binding. Alternatively, druggability can be achieved by large and thus not druglike compounds (peptides, 65 peptidomimetics, 64 or macrocycles 61 ) that extend beyond the small hot spot ensemble to interact with large surface regions without any strong hot spot. As will be demonstrated, while such interactions are weak, they still contribute to the binding free energy.
It is important to note that druggability is not an on−off property. In particular, for categories (1), (3), and (4), a site where the primary hot spot is somewhat weaker than the threshold (S ≤ 13 < 16), we use the term borderline druggable (Table 1 ). For such sites, ligands can be found that bind with micromolar affinity, but attempts to increase potency usually fail. More generally, the strengths and arrangement of hot spots provide information beyond the simple four categories above.
As an example, we discuss here the analysis of druggability for the FK506 binding protein (FKBP), which binds 8-deethyl-8-[but-3-enyl]-ascomycin (FK506), a macrocyclic compound with a molecular weight (MW) of 804 g/mol ( Figure 1A ). 66 Later, we will also study ABT737, a well-known regulator of apopotosis by inhibiting the interaction between the Bcl-xL protein and BAK peptide ( Figure 1B ). 67 Figure 1C shows the results of mapping a ligand-free structure of FKBP (PDB ID 
Perspective Journal of Medicinal Chemistry Perspective 2ppn). As mentioned, each hot spot is identified by a consensus cluster (CC). In all of our figures, each probe cluster contained in a CC is represented by the single lowest energy probe structure to avoid the overcrowding of the figure. All probes in a CC have the same color, using the color code as follows: CC1, cyan; CC2, magenta; CC3, yellow; CC4, salmon; CC5, white; CC6, blue; CC7, orange; and CC8, green. Figure 1C also shows the location of the bound FK506 (taken from the structure 1fkj) superimposed for reference. The ligand binding site contains three connected hot spots. These were the topranked hot spot, CC1, which contained 18 probe clusters, plus two secondary CCs, CC3 (14 probe clusters) and CC6 (7 probe clusters). The center-to-center distance (CD) between CC1 and CC3 is 6.3 Å, and the maximum dimension of the ensemble with the two hot spots is 10.6 Å. Thus, according to our conditions, the site would be druggable when using a drug that binds only to these two hot spots. However, since CC1 is not much stronger than the required S = 16, and the MD value is close to the required threshold of 10 Å, the affinity would be moderate. Since the CD distance between CC1 and CC6 is 7.2 Å, CC6 can be also added to the hot spot example used for the binding. Adding the third hot spot CC6 (7 probe clusters) increases MD to 12.3 Å. According to Table 1 , all three hot spots in this extended ensemble still can be reached using druglike compounds. In fact, FKBP has been cocrystallized with smaller but still potent inhibitors. Examples are PDB ID 1fkh (MW = 453, K i = 7 nM) 68 and PDB ID 1f40 (MW = 360.5, K i = 7.5 nM). 69 However, the inhibitors that reach the three hot spots are fairly long, and connecting the two far ends by forming a macrocycle in FK506 improves the affinity to K i = 0.2 nM. 66 This example also demonstrates that, while the analysis of druggability could be simplified by integrating the three different requirements into a single druggability measure, considering the three requirements separately can more explicitly show problems that may lead to the lack of druggability, as well as explore opportunities for using noncanonical compounds as drugs.
If several structures of a target are available, then an important question is which structure to use for the analysis. Frequently, druggability needs to be established before discovering any ligand, motivating preference for unbound structures. If multiple unbound structures are available, then it is useful to map all and to consider the one that results in the highest level of druggability, assuming that ligands can be optimized to take advantage of the available hot spots. While ligand binding may affect their location and relative strength, 70, 71 hot spots are generally less sensitive to conformational changes than binding sites are, 48 and the analysis of the ligand-free structures provides valid druggability assessment for most targets. However, the binding sites in the unliganded structures of some proteins may be completely closed, or ligand binding may create new hot spots; hence, it is generally advisible to also map ligand-bound structures when they become available in the process of drug discovery. This additional information frequently shows if there is a choice between a large and hence nondruglike ligand that reaches all major hot spots or a smaller and less potent druglike ligand that can take advantage of only the main hot spot and some of the weaker hot spots around it.
Druggability Results from NMR-Based Screening versus Predicted by FTMap. Table 2 shows the analysis of the 23 proteins in the test set from Hajduk et al. 7 using the three FTMap criteria. In two cases, PTP1B (T19 in Table 2 ) and survivin (T22), the protein was found to contain two distinct binding sites that were characterized separately, resulting in a total of 25 binding sites. Druggability results are also shown graphically in Figure 1D −F. Table 2 lists the short names of the targets and specifies their binding sites, as given by Hajduk et al. 7 While we quote the Protein Data Bank (PDB) entry as given in the original publication, 7 for our analysis, we mapped both the highest resolution ligand-free and -bound structures currently available in the PDB. 55 As discussed, in most cases, druggability can be determined by mapping the ligand-free structure alone, and the ligand-bound structure is needed only to judge whether the hot spots are located in the appropriate binding site for the purpose of retrospective validation with respect to experimentally identified ligands. For the protein PAK4 (T16 in Table 2 ), no structure was found in the PDB; hence, the druggability of this target is not discussed. The affinities shown in Table 2 are the ones given by Hajduk et al., 7 but we also list (in italics) if more potent compounds have subsequently been reported. Table S1 
Perspective is a copy of Table 2 , but its footnotes provide detailed information on targets and their affinities, with references. Additional references may not be listed if the value is given in PDBbind, 72 BindingDB, 73 or BindingMOAD. 74 Table 2 also shows the experimental and predicted druggability scores (DS) calculated by Hajduk et al., 7 which represent the logarithm of the actual or predicted hit rate in an NMR-based fragment screen. These authors observed that most of the targets for which high-affinity, druglike leads could be identified had DS values greater than −1.0, whereas DS values below −1.5 indicated proteins without such ligands. Consequently, a protein pocket with DS > −1.0 was considered to have high druggability, whereas low druggability was assigned for targets with DS < −1.5. The DS value may be close to −2.0 for very undruggable proteins. Protein pockets with intermediate values (−1.5 < DS < −1.0) were assigned as having moderate druggability.
According to the FTMap results, 14 of the 25 distinct binding sites in this test set satisfy all three criteria for druggability: i.e., the top-ranking CC in the cluster contains at least 16 probe clusters, the ensemble contains at least two CCs with a center-to-center distance of less than 8 Å, and the maximum dimension of the ensemble is at least 10 Å. These 14 sites are therefore classified as druggable in our analysis, indicating a strong likelihood of finding a druglike small molecule ligand that binds strongly to the site. Such ligands are known for 12 of these 14 targets (see Table S1 ). The exceptions are cytidine monophosphate kinase (CMPK, T5), with only micromolar ligands identified so far, 75 and rRNA methyltransferase ErmC (ErmAM, T7), for which the best known inhibitor has IC 50 ∼ 1100 nM. 76 Two targets, Akt-PH (T2) and HI-0065 (T10), are predicted as being borderline druggable and have micromolar ligands. 77, 78 Four sites (E2-31, the noncatalytic phosphotyrosyl binding site of PTP1B, the Nterminal domain of SARS, and the Bir3 domain of survivin) are classified as not druggable, in each case because of a weak main hot spot (S < 13). According to FTMap, three targets (the WW domain of Pin1, PDZ−PSD95, and the "other" site of survivin) belong to the D* L category; thus, achieving substantial potency requires peptide-like or macrocyclic ligands. PZD-PSD95 (T18) was considered not to be druggable by Hajduk et al. 7 (DS = −2.00), but FTMap identifies two hot spots in the site that are 9.8 Å apart ( Figure 2A) ; hence, based on the FTMap results, this site can be targeted by peptides or macrocycles that are large enough to reach the two hot spots. 79 In fact, PZD-PSD95 binds cyclic peptides with IC 50 ∼ 1000 nM in a solventexposed shallow pocket. 79 The two main hot spots are also too far apart in the peptide binding site of Pin1 WW domain (T17). We note that, based on the PDB code (1ih8) given by Hajduk et al., 7 we consider here the WW domain of Pin1 that has only peptides as known ligands 80 rather than the peptidyl prolyl cis/ trans isomerase (PPIase) domain that is the target of more recent studies. 81−83 Survivin (T22 in Table 2 ) has two binding sites of interest. As shown in Figure 2B , in contrast to XIAP Bir3, the Smac peptide binding site of this Bir3 domain includes only CC7 with 5 probe clusters and hence is not druggable. However, the "other" site in Table 2 , close to the dimer interface, includes two strong hot spots that are 8.3 Å apart, almost within the reach of druglike ligands. Inhibitors that binds to both hot spots have K d values as low as 37 nM. 84 Finally, based on the FTMap results, one target, FUSE-binding protein (FBP, T8 in Table 2 ), is in the D* S category due to the small size of the hot spot ensemble. In fact, the only known inhibitors of DNA binding to FBP are charged and of high micromolar affinity. 85 The FTMap results generally agree well with the assessment based on experimental and predicted druggability scores given by Hajduk et al. 7 as well as with the actual success or failure to identify a high-affinity druglike ligand that binds to the site in question. We have substantive differences with the DS value from Hajduk et al. only for 3 of the 25 sites. Moreover, the available experimental data suggest that, in these three cases, the druggability assignment based on FTMap is, in fact, the correct one. Specifically, the DNA binding site of the human papillomavirus (HPV) E2-31 protein (Target T6 in Table 1 ) is considered to be druggable by Hajduk et al. 7 but not by FTMap. The best inhibitor of the HPV E2 DNA binding site in the literature has an IC 50 value of approximately 10 μM, 86 and due to the consistent lack of success in finding more potent ligands for this site, efforts have been largely redirected to target the DNA rather than the protein. 87, 88 Moreover, the majority of DNA binding sites of proteins have limited druggability. 6 FTMap also differs from the DS method in predicting that the adenosine diphosphate (ADP) binding site of the hypothetical Mapping of the ligand-free survivin dimer (PDB ID 1e31, shown as cyan and green cartoon), with the Smac/DIABLO peptide (from PDB ID 3uih, shown as yellow cartoon) superimposed for reference. The only hot spot in the survivin/Smac interface is CC7 (orange, 5 probe clusters); thus, the peptide binding site is not druggable. A novel site is defined by the strong hot spots CC1 (cyan, 24 probe clusters) and CC2 (magenta, also 24 probe clusters) at the dimerization interface. Since the center-to-center distance between CC1 and CC2 is 8.3 Å, ligands that bind to both are over the 500 g/mol MW limit.
Perspective bacterial ATPase HI-0065, also known as YjeE (T10 in Table  1 ), is at most borderline druggable. HI-0065 was targeted by the Abbott group, 78 but the best compound identified by NMR-based screening and optimization had a K d value of about 5 μM. We note that both HPV E2-31 and HI-0065 have strong binding hot spots close to, but not overlapping with, the ligand binding site, which may have resulted in a misleadingly high NMR fragment hit rates. The third deviation between FTMap and the earlier results occurs for the glutamate racemase MurI that was rated as not druggable by Hajduk et al., 7 although they reported that 4-substituted D-glutamic acid analogues (not considered druglike) bind with nanomolar affinity. 89 It is not clear why the NMR-based screening did not result in hits. According to FTMap, this target is druggable, emphasizing that our condition does not directly account for the lack of druglikeness due to the need for a charged ligand, unless the hot spot region is too small. In this particular case, we note that a close homologue, glutamate racemase from Helicobacter pylori, has potent and druglike noncompetitive inhibitors that bind to the corresponding site. 90, 91 Comparison of FTMap results obtained using the ligandbound structure rather than the unbound structure of the protein (Table 2) shows that small differences between the structures can affect the strength and location of hot spots but that such changes impact druggability assessment only for three targets, HI-0065, LCK, and PTP1B, all having strongly charged ligands with a phosphate group (see footnotes to Table S1 ). It appears that the binding of such ligands tightens the binding pocket, which then binds fewer probe clusters. Thus, the mapping of ligand-free proteins generally provides valid druggability information, emphasizing that druggability is an inherent property of a protein. Nevertheless, as will be further discussed, it may be useful to also map ligand-bound protein structures if available, since, in some cases, ligand binding may open additional subsites and create additional hot spots, favoring druggability.
Validation of FTMap Druggability Assessment against Extended 72 Protein Set of Hajduk et al. 7 In addition to analyzing the 23 drug targets for which experimental NMR fragment screening results were available, Hajduk et al. 7 calculated druggability indices for a set of 72 proteins based on cocrystal structures with ligands. They did this by constructing a regression equation to calculate a druggability score based on geometric features of the binding site, including the total and apolar surface area, compactness, and the first and third principal moments of the pocket, which they parametrized using the results of NMR fragment screening of the original 23 protein test set. The 72 protein set includes 35 proteins for which high-affinity, druglike molecules have been reported plus 37 proteins for which the known ligands were either not high affinity or not druglike. Table S2 compares the results of FTMap analysis of this extended 72 protein set to the druggability scores (DS) reported by Hajduk et al. 7 For each of these 72 targets, we mapped the highest resolution ligand-free structure available in the PDB. Bound structures are listed only to specify the binding site of interest. Among the 35 proteins that were considered by Hajduk et al. to have druggability, the FTMap results disagree with the high DS value only for two targets, cytochrome c peroxidase (Target T17) and leghemoglobin (Target T32). Target T17, given by PDB ID 1ccg, 7 is actually the His175Gly mutant of cytochrome c peroxidase, which binds imidazole in a cavity created by the removal of His175 side chain, but it does so with a K d value of only 2.7 mM. 92 FTMap finds this imidazole binding site to be not druggable. Although a number of strong hot spots exist in the large cavity of the protein, these do not overlap with the bound imidazole position. The problem with leghemoglobin (T32) is that the binding site is formed in the process of ligand binding; hence, only the bound structure, which was studied by Hajduk et al., 7 reveals the druggability of this target. Since we generally consider the mapping of the ligand-free structure to be more predictive of druggability, this may appear to be a shortcoming of our approach. However, leghemoglobin is not a drug target, and its binding pocket is extremely small, accommodating just a nicotinate with molecular weight 122 g/mol. 93 As we have discussed, such small ligands are unlikely to be drugs, and, in fact, the binding of nicotinate is weak (K d = 1400 nM). 93 Among the remaining 37 structures that did not have highaffinity druglike ligands, the agreement between FTMap and DS druggability predictions was also generally good; however, we again see some differences. Phosphoserine phosphatase (T36) is rated as being druggable by Hajduk et al. 7 (DS = −0.808), but it is only borderline druggable by FTMap. No potent inhibitor is indicated by Hajduk et al., 7 and such a compound has not been reported in the subsequent literature. In the apo structure of flavodoxin (T37, DS = −0.857), the side chains of W57 and Y94 completely close down the flavin mononucleotide binding site; 94 hence, FTMap does not find a hot spot there. As mentioned, proteins for which the druggability of the bound conformation is so greatly different from that of the apoprotein are very rare; we have found only two cases (leghemoglobin and flavodoxin) among the more than 150 proteins we have studied, and these two are not drug targets. FTMap confirms druggability for most other targets with DS > −1.2 (Targets T38 through T45), and, apart from inositol monophosphatase (T44), these proteins indeed have known potent ligands, as does sialidase (T46), with DS = −1.201 (Table S2) . Targets PI phospholipase (T47) and enterotoxin (T48), with lower DS values, we rate as borderline druggable, and phosphofructokinase (T49), as not druggable. Consistent with these ratings, none of these proteins has any known potent ligand. The druggability of targets with DS values between −1.334 and −1.5 is somewhat undefined by Hajduk et al. 7 FTMap shows substantial variation in this range, and for several proteins, our results are supported by binding data. In particular, protein kinase Cδ (PKCδ, T50 in Table S2 ) is in the D* S category, and it binds phorbol-12,13-dibutyrate, a nondruglike compound with MW = 504.6 g/mol, with nanomolar K d . 95 FTMap confirms the druggability of the GTP binding site of Ras p21 (T52 in Table S2 ). Guanylate kinase (T53) is not druggable, whereas based on FTMap, chloramphenicol acetyltransferase (T54) is in the D* S category and indeed is known to bind fusidic acid with K i = 5400 nM. 96 FTMap predicts seven targets to be druggable (aldehyde ferredoxin oxidoreductase, galactose binding protein, cytidine deaminase, trichosanthin, achromobacter protease, diaminopimelic acid dehydrogenase, and glutamine methyltransferase) that were assigned a low druggability index (DS < −1.5) by Hajduk et al. 7 In three cases, the FTMap assignment is supported by known affinity data. These three are the galactose binding protein (T61), which binds galactose with K d = 400 nM, 97 cytidine deaminase (T62), which has potent inhibitors, 98 and achromobacter protease (T64), which has inhibitors with K i = 6.5 nM. 99 We could not find data confirming druggability of the remaining four targets, aldehyde ferredoxin oxidor-
Perspective eductase (T60), trichosanthin (T63), diaminopimelic acid dehydrogenase (T66), and glutamine methyltransferase (T71), but in three cases, T60, T63, and T66, the proteins are known to bind (nondruglike) small substrates or cofactors with relatively high affinity (see Table S2 ). In the same range (i.e., with DS < −1.5), we predict four targets in the D* S category. Two of these, periplasmic glucose/galactose receptor (T69) and IP phosphatase (T70), are known to bind charged ligands with nanomolar affinity (Table S2) . We have no information on the other two, deoxynucleoside monophosphate kinase (T56) and glucoamylase (T58). Finally, Table S2 has one target, pp60 Src SH2 domain (T57), with DS < −1.5, that FTMap places in the D* L category. This domain is known to bind a peptidomimetic ligand with IC 50 = 1800 nM. 100 As shown, we were able to find binding data for a substantial fraction of targets that were predicted to be druggable by FTMap but that had DS < −1.5 assigned by Hajduk et al. 7 This poses the question of why such low DS values were predicted. The most likely reason is that the regression formula for DS is based on the properties of pockets rather than of the hot spots, and this may underestimate potential binding capacity for pockets that have a somewhat unusual shape. Indeed, targets T55, T60, and T61 all have completely buried ligand binding sites with no solvent accessibility in the ligand-bound structures considered by Hajduk et al., 7 which likely contributed to their low DS values. 7 However, FTMap can still place probes in such internal cavities, and the proteins are likely to have alternative conformations with more open pockets. Trichosanthin (T63) and glutamine methyltransferase (T71) have deep and narrow binding pockets, whereas the binding site in diaminopimelic acid dehydrogenase (T66) is largely solvent-exposed, and it seems that the simple regression formula by Hajduk et al. 7 underestimates the druggability for such unusually shaped pockets.
Validation of FTMap Druggability Assessment against the Test Set of Cheng et al. 8 A biophysical model developed by Cheng et al. 8 accounts for lipophilic surface area and curvature of binding sites to compute a score that corresponds to the maximal affinity predicted for a passively absorbed oral drug (MAP POD ). MAP POD is based on the hypothesis that the maximal achievable binding free energy is largely due to desolvation, and it models the desolvation contributions from target and ligand in terms of nonpolar surface areas with coefficients that depend on surface curvature. The expression does not have an explicit polar desolvation term, since it is assumed that the electrostatic interactions and the desolvation energies largely cancel each other. 8 This model was used to assess the druggability of 27 binding sites. The value of this test set is that all sites are of pharmaceutical interest, in contrast to later test sets that included many proteins without this property. The 27 target sites were classified as druggable (17) , difficult (6), or undruggable (4) . Nearly all targets classified as druggable or difficult had associated orally bioavailable, marketed drugs, whereas the undruggable targets did not, despite considerable efforts within the industry.
In Table S3 , we compare the FTMap results to the maximal affinity (MAP POD ) values predicted by Cheng et al. 8 that were recently reviewed. 101 Both ligand-free and -bound structures were mapped, but, as mentioned, we consider the unbound results to be more relevant for assessing druggability. The agreement with the results of Cheng et al. 8 is generally good. For the 23 druggable or difficult targets, we have different results only for the binding site of COX-2 (Target T6 in Table   S3 ), which FTMap places into the D* S category due to the small size of the hot spot ensemble, predicting that potent ligands binding to this site must have a charged or highly polar group not fully desolvated upon binding. Indeed, all strong COX-2 inhibitors seem to have either a carboxyl or a terminal sulfonamide group. 102 Cheng et al. 8 examined six targets that they considered to be difficult, namely, ACE-1 (T1), HIV RT nucleotide site (T13), IMPDH (T16), neuraminidase (T18), penicillin binding protein (T22), and thrombin (T23), because they required highly polar molecules that were either processed from prodrugs or relied on active transport mechanisms. Thrombin (T23) is predicted to be druggable both by Cheng et al. 8 and by FTMap and now has direct (i.e., not prodrug) oral inhibitors. 103, 104 With 15 probe clusters, the penicillin binding protein (T22) is borderline druggable by FTMap, and ligand binding substantially strengthens the hot spot. This protein binds piperacillin, 105 an approved but not orally bioavailable drug (MW= 517.5 g/mol), with an IC 50 of 166 nM. 106 FTMap predicts that ACE-1 (T1), HIV RT nucleotide site (T13), IMPDH (T16), and neuraminidase (T18) are all druggable, although the primary hot spot in IMPDH is relatively weak, with only 17 probe clusters, and ACE-1 and neuraminidase have strong but small hot spots (MD < 11.0). Both ACE-1 and neuraminidase have approved drugs that include a carboxyl group but are not prodrugs, for example,
for ACE-1 and (2R,3R,4S)-3-acetamido-4-(diaminomethylideneamino)-2-[(1R,2R)-1,2,3-trihydroxypropyl]-3,4-dihydro-2H-pyran-6-carboxylic acid (zanamivir)
108 for influenza neuraminidase. These results confirm that ACE-1 and neuraminidase are correctly classified as druggable, but they also show that a small hot spot is likely to require a charged ligand. Two targets, Factor Xa (T10) and HMG CoA reductase (T15), were placed on the border of the druggable region by Cheng et al. 13 Factor Xa is categorized by FTMap as D* L , and it has druglike inhibitors close to the upper limit on size. For example, the inhibitor methyl(2R,3R)-3-([[3′-(aminomethyl)biphenyl-4-yl]carbonyl]-amino)-2-(3-carbamimidoylbenzyl)butanoate (RPR128515), 109 bound in the structure 1ezq, has a molecular weight of 458.6 g/ mol.
109 Both Cheng et al. 8 and FTMap underestimate the druggability of HMG CoA reductase, which has potent statin inhibitors, 110 but is considered to be only borderline druggable by FTMap (Table S3 ). This is due to the fact that statins occupy only a portion of the large ligand binding site. While this is enough to block access of the substrate to the active site of the enzyme, the unoccupied region also includes a number of hot spots, thus resulting in fewer probe clusters overlapping with the inhibitor. 110 Cheng et al. 8 classify four targets as being not druggable: cathepsin K (T24), Caspase 1 (T25), the active site of HIV integrase (T26), and PTP1B. Cathepsin K (T24) and the catalytic site of the HIV integrase are predicted to be druggable by FTMap. This finding is supported by data that became available after the publication of the analysis by Cheng et al. 8 Cathepsin K has acrylic cyanamide-based inhibitors with K i values as low as 0.003 nM. 111 The osteoporosis drug N-(1- 112 in Phase III clinical trial by Merck, is a potent cathepsin K inhibitor, and current studies focus on safety issues rather than affinity or oral bioavailability. 113 Druggability class based on FTMap analysis, as described in Table 1 .
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Perspective oxadiazol-2-yl)carbonyl]amino]-2-propanyl)-6-oxo-1,6-dihydro-4-pyrimidinecarboxamide (raltegravir), 114 with low nanomolar IC 50 values. These newly druggable sites emphasize the importance of assessing druggability using biophysical rather than purely statistical methods. However, we agree with Cheng et al. 8 that the other two targets are very difficult. FTMap results categorize Caspase 1 as borderline druggable at best due to the weak hot spots and the small size of the hot spot region. Indeed, although there are peptidomimetic inhibitors containing a carboxyl group with K i values as low as 5 nM, their oral bioavailability is limited, 115 and based on our mapping results, it is unlikely that more druglike inhibitors will be found. The druggability of PTP1B will be discussed in detail later in this perspective and hence is not considered here.
Validation of FTMap Druggability Assessment against DrugPred. Krasowski et al. 12 compiled a nonredundant data set containing crystal structures of 71 druggable and 44 less druggable proteins. This data set was used to train a structurebased druggability predictor called DrugPred. We did not apply FTMap to this entire set because, in contrast to the set by Cheng et al., 8 it includes many proteins that have not been targets of substantive screening campaigns. However, we mapped the targets for which DrugPred clearly failed. These included six targets (DPP-IV, urokinase plasminogen activator, factor Xa, human thymidine phosphorylase, thiamine pyrophosphokinase, and thymidine kinase) that were included as druggable in either training or validation sets by Krasowski et al. 12 but were predicted to be undruggable by DrugPred and two proteins (peptide deformylase and CDP-D-glucose synthase) that were included as undruggable but were predicted to be druggable (see Table S4 ). These analyses were performed to obtain more information on the likely druggability of these targets and to explore whether the FTMap results differ from those of DrudPred. Of the six targets that were considered to have false negative predictions, 12 FTMap correctly predicts two (DPP-IV and urokinase plasminogen activator) to be druggable. As already shown, factor Xa is categorized as D* L , but it still binds druglike ligands, albeit at the upper limit of molecular weight. 109 Human thymidine phosphorylase is classified as B* S , and it is known to require charged ligands or prodrugs for nanomolar affinity. 116 The two remaining false negatives (thiamine pyrophosphokinase and thymidine kinase) are predicted not to be druggable also by FTMap. While we did not find any evidence that thiamine pyrophosphokinase has potent inhibitors, the thymidine kinase of the herpes simplex virus has inhibitors with K i values as low as 5 nM. 117 According to FTMap, the thymidine kinase binding site has only weak hot spots both in apo and holo structures (Table S4) , making this target the sole real failure of our method. The apparent reason is that the thymidine kinase inhibitors are planar molecules that bind in an extremely narrow and fully buried pocket that can accommodate only the few probes that are also planar. This problem is very rare, and at this point, we have no solution to avoid it. The last two targets in Table S4 were considered to be false positives by Krasowski et al. 12 and were also predicted to be druggable by FTMap. Of these, peptide deformylase now has low nanomolar inhibitors. 118 CDP-D-glucose synthase binds cytidine-5′-triphosphate with K i = 35 μM, 119 but it has not been considered to be a drug target and hence its druggability has not been established experimentally.
■ TARGETTING CONVENTIONALLY UNDRUGGABLE TARGETS WITH NON-CANONICAL DRUG CHEMOTYPES
Because the FTMAP algorithm evaluates the binding potential of protein surface sites based on structural and physicochemical principles, rather than by empirical parametrization using a particular test set of target proteins, the method has the potential to provide information on the druggability of sites that differ in structure or properties from those that previously have been successfully targeted in drug discovery efforts. We therefore evaluated whether the FTMap method can shed light on precisely why sites that were not assessed to be druggable failed to qualify. This information is potentially useful in deciding whether the site might be targeted by a non-canonical drug chemotype, such as a peptide, a macrocycle, or a covalent inhibitor, or whether the target is likely to be intractable to all approaches currently available for small molecule drug discovery. Of the targets in Table 2 that were rated as not druggable, four of them, E2-31, the noncatalytic site of PTP1B, the SARS N-terminal domain, and the bir3 site of survivin, simply lack a hot spot of sufficient strength to serve as a strong anchor site for ligand binding. Such targets are unlikely to bind strongly to any small ligand, so we consider them likely to be undruggable by any such means. However, PDZ-PSD95 and the WW domain of Pin1 have strong hot spots that are positioned too far apart to be easily spanned by a ligand of typical drug size, and in the "other" site of survivin, the separation of hot spots also slightly exceeds 8 Å. In these cases, one might expect that these sites will not be conventionally druggable but might bind strongly to a somewhat larger ligand such as a peptide-derived foldamer or a large macrocycle; hence, they are classified as non-canonically druggable−large, denoted D* L . Other examples include the pp60 Src SH2 domain, elongation factor TU, the catalytic domain of protein phosphatase-1, and the site on interleukin-2 (IL-2) that binds the IL-2 receptor α-chain. In each of these cases, FTMap analysis indicates that the binding site contains a sufficient number of strong hot spots to support high-affinity binding of a ligand, but these hot spots are spaced too far apart to be encompassed by a ligand the size of a typical drug; thus, the site requires a larger chemotype to achieve strong binding (see Tables S1−S6 for details) . Furthermore, we have recently reported and further discuss below that the binding sites on proteins binding natural product macrocycles of MW > 600 g/ mol differ from conventional drug binding sites in having hot spots that are spaced farther apart, supporting the notion that large ligands such as large macrocycles can bind to sites that have sufficiently strong hot spots but fail the standard druggability criterion due to the spacing between the hot spots being too large. 61 Druggability of Proteins Binding Macrocyclic Compounds. It is generally recognized that macrocyclic compounds can be useful to expand the class of druggable targets and provide additional options against DNA, RNA, and carbohydrate binding proteins and protein−protein interactions. 18, 20, 21 In Table 3 , we show druggability results for a number of proteins that bind macrocyclic natural products with high affinity (except for actin, where the binding is at best micromolar). Additional details on individual targets are given in Table S5 . These targets include the already discussed FK506 binding protein (Figure 1C) , which FTMap indicates is druggable even using druglike compounds, as confirmed by
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Perspective published experimental data, 68, 69 albeit not with the very high affinity of the macrocyclic FK506 ( Figure 1A) . 66 We find a similar result for a number of other targets in Table 3 . Cyclophilin A, pancreatic elastase, Chitinase, and HSP90 are all predicted to be conventionally druggable, and, indeed, in addition to their potent nanomolar macrocyclic inhibitors, these proteins are known to also have somewhat less potent nonmacrocyclic inhibitors (see Table S5 ). However, in the case of three proteins, elongation factor TU, protein phosphatase 1, and the biotin carboxylase (BC) domain of human acetyl-CoA carboxylase 2, the hot spots are too far from each other to render the sites conventionally druggable; hence, these sites can be targeted only using larger compounds such as macrocycles or peptide foldamers. 120 According to FTMap, actin is not druggable by any means. In fact, although the protein has been cocrystallized with several large macrocycles and the compounds have biological activity, the binding is very weak in all cases (Table S5) . These results support our previous suggestion 61 that sites that fall outside the FTMap criteria for conventional druggability for the sole reason that the hot spots are spaced too far apart might be good targets for macrocyclic compounds or other larger ligands. For this reason, we classify such sites as non-canonically druggable, D* L (Table 1) , to indicate that they are not druggable using conventional druglike compounds but that they could be druggable using other, larger but still pharmaceutically relevant, drug chemotypes.
Druggability of Protein−Protein Interaction Targets. A substantial number of PPI interfaces are biologically compelling targets for drug discovery, and in some cases, small molecules are known to inhibit the interactions of two proteins with moderate to high potency. 121, 122 The druggability of such targets is still poorly understood, however, and PPI target sites are generally considered to be highly challenging if not undruggable. The problem in assessing the druggability of PPI targets is that protein−protein interfaces generally have much smaller pockets than traditional drug targets, and it is difficult to determine which one, if any, will be able to bind a small compound with sufficient affinity to modulate the interaction at pharmacologically relevant doses. 123 We recently showed that FTMap can identify the most important ligandable interface binding sites based on analysis of the unbound protein structure. 48 Here, we review these results in the light of our current and more extensive druggability analysis (Table S6) . PPI targets T1−T8 of Table S6 (Bcl-xL, XIAP Bir3, MDM2, Pin1, PDZ−PSD95, the survivin Bir3 domain, the "other" site on survivin, and urokinase) are already in the Hajduk et al. 7 data set of Table 1 , and we have previously studied the druggability of targets T9−T12 (IL-2, HPV-11 E2, TNF-α, and stromelysin 1 catalytic domain). 48 Targets T13−T15 (ZipA, KRas, and HIV integrase) will be described in more detail in the next section. On the basis of the mapping results collected in Table S6 , five of the 15 PPI targets (Bcl-xL, XIAP Bir3, MDM2, urokinase, and HPV-11 E2) appear to be druggable using druglike compounds. However, the binding of small ligands in protein−protein interfaces may introduce conformational changes that affect the location and relative strength of the hot spots. While these changes do not affect the predicted druggability, they may impact the class of compounds required for strong binding. For example, in the ligand-free structure of Bcl-xL, the three hot spots are close to each other, indicating druggability. Indeed, it has been reported that fragments of known inhibitors all bind in the pocket that binds L578 of the BAK peptide. 124 Upon binding of the inhibitor ABT737, shown in Figure 1B , 125 the hot spots move farther apart (Table S6) . Nevertheless, Bcl-xL is assessed to be druggable also on the basis of mapping the ligand-bound structure, since the distance from CC1 to CC5 is 6.3 Å, from CC5 to CC4 is 7.7 Å, and from CC4 to CC2 is 7.0 Å. However, to achieve high potency, ABT737 must extend from CC1 all the way to CC2, a distance of 11.3 Å, and this requires long molecules with MW > 650 g/ mol. 48, 126, 127 In XIAP Bir3, the two hot spots are close to each other, and several potent monomeric inhibitors have been developed. 128 However, the hot spot region is quite small (MD = 10.6 Å); thus, XIAP Bir3 is close to the D* S category. Accordingly, the inhibitors are druglike but relatively large. For example, the inhibitor (
128 has a MW of 498.2, and recently macrocyclic inhibitors have also been developed. 129 Mapping results for MDM2 are similar: the protein has strong hot spots close to each other, but the region is small (MD = 10.6 Å), and the inhibitors in the Nutlin family 130 and related compounds spread beyond the hot spots, resulting in MW of over 600 g/mol. 131 However, MD exceeds the threshold of 10.0 Å, and more recent optimizations succeeded to yield inhibitors with MW below 600 g/mol and even slightly below 500 g/mol. 132, 133 Urokinase is druggable, and druglike nanomolar inhibitors are known. 134 HPV-11 E2 is also druggable, but the hot spot region is small (MD = 10.8 Å), and known inhibitors with high nanomolar affinity have MW > 500 g/mol. 135 On the basis of FTMap, three targets (the Smac peptide binding site of survivin, the FtsZ interface of ZipA, and the receptor binding interface of TNF-α) are not druggable with noncovalent inhibitors under any circumstances. 48 In fact, all three interactions have been targets of extensive screening campaigns that did not produce any potent compounds. The SOS-binding interface of KRAS, which is discussed in greater detail below, is borderline druggable, and the best noncovalent inhibitor found so far has K d = 190 μM. 136 Three targets in Table S6 (the WW domain of Pin1, PDZ-PSD95, the interface of IL-2 with IL-2Rα) contain strong hot spots but with spacing that exceeds 8 Å; thus, they fall into the non-canonically druggable−large (D* L ) category and are druggable only using large (peptide-like or macrocyclic) ligands. Since the 8.3 Å distance between the two strong hot spots in the "other" site of survivin barely puts this target into the D* L category, relatively small (although not <500 g/mol) potent ligands have been developed. 84 In the unbound structure of the stromelysin 1 catalytic domain, the ligand binding pocket is partially closed, and since the hot spot ensemble is small, FTMap predicts druggability in the D* S category. We also mapped the structure complexed with the inhibitor 5-methyl-5-(4-phenoxyphenyl)-pyrimidine-2,4,6(1H,3H,5H)-trione (PDB ID 1g4k), 137 which showed a more extended hot spot region and hence suggested a higher level of druggability. However, it appears that the most potent inhibitor still has only K i = 192 nM. 137 Although we have only a limited number of examples, the ones considered here suggest that the even the druggable PPI targets frequently require the use of compounds lying outside of traditional druglike chemical space.
■ DRUGGABILITY ANALYSIS OF SELECTED HIGH-VALUE TARGETS
In this final section, we apply our analysis to a number of targets that have been of high pharmaceutical interest and for which the question of druggability is not fully settled. Most of
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Perspective the targets considered in this section are complex and undergo significant conformational change upon ligand binding, which may affect the strength and location of hot spots. Therefore, it is important to recall that, based on our experience drawn from the analysis of more than 150 proteins, as described above, for druggability it is necessary to identify appropriate hot spots in ligand-free protein structures, and it is the hot spot properties of the unliganded proteins that provide the most valuable We also show the strongest hot spot CC1 (cyan, 22 clusters), which is located outside the ZipA/FtsZ interface. CC4 (salmon, 9 clusters) is also too far from the interface. (D) Mapping of the apurinic/apyrimidinic endonuclease 1 (APE1) structure from PDB ID 1de9, cocrystallized with abasic DNA (fragment of the DNA is shown as blue sticks for reference), and an Mn 2+ ion (cyan sphere). As always, the DNA and the ion were removed prior to the mapping. The hot spots shown are CC1 (cyan, 16 clusters), CC2 (magenta, 16 clusters), and CC3 (yellow, 13 clusters). (E) Mapping of the ligand-free protein tyrosine phosphatase 1B (PTP1B, PDB ID 3a5j), with two bound phosphotyrosine (pTyr) molecules superimposed for reference (from PDB ID 1pty). The hot spots shown are CC1 (cyan, 20 clusters) at the catalytic PTyr site, CC4 (salmon, 9 clusters), CC7 (orange, 7 clusters), and CC8 (green, 7 clusters) close to the site that binds the noncatalytic pTyr. The hot spots CC2 (magenta, 16 clusters) and CC7 (orange, 7 clusters) are closed in any ligand-bound structure. (F) Same as panel E but with the bound structure of the potent inhibitor 2 shown for reference from the structure with PDB ID 1q6t.
Perspective Table 4 . Detailed Analysis of Important Targets Druggability class based on FTMap analysis, as described in Table 1 .
Perspective information for establishing druggability. As discussed, the analysis of ligand-bound structures can be useful, however, for understanding the changes in the relative importance of the binding energy hot spots upon ligand binding. In addition, as shown for PTP1B, the analysis of hot spots can also indicate that a target that can bind small ligands with high affinity can nevertheless be undruggable because any such ligands will not be able to satisfy additional requirements for specificity and/or for membrane permeability. We additionally note that, even for targets with good druggability, lead and drug discovery can be challenging when pursued by particular approaches. For example, although high druggability generally correlates with the observation of a high hit rate in fragment-based screening, 7 whether the resulting fragment hits will have sufficiently robust binding modes to serve as good starting points for lead discovery depends additionally on how compact or diffuse the main hot spot is and how fully the fragment occupies it. 138 This topic is beyond the scope of the current perspective, however, where we are concerned with whether high-affinity binding can occur rather than with differences between druggable sites in the technical ease or difficulty in identifying a good ligand.
Cell Division Protein ZipA. The ZipA/FtsZ protein− protein interaction has been considered to be a potential target for antibacterial agents. 121 We have mapped three different structures of ZipA: unliganded, cocrystallized with a peptide fragment of FtsZ, 139 and cocrystallized with the indoloquinolizin inhibitor DB01967 (1), shown in Figure 3A . 140 In all three structures, FTMap finds only three weak hot spots at the protein−peptide interface (Table 4 and Figure 3C ). Although ZipA has strong hot spots elsewhere, these are at least 11 Å distant from the interface. Thus, we conclude that the interface between ZipA and FtsZ is not a druggable target. In fact, the K d of the interaction between ZipA and a 17-mer peptide of FtsZ has been measured to be ∼7 μM, 141 and efforts to identify and optimize small molecule PPI inhibitors for this system, including HTS of 250 000 compounds, resulted only in inhibitors with K d ≥ 12 μM.
140,142−144
Apurinic/Apyrimidinic (AP) Endonuclease 1 (APE1). APE1 is an essential protein that operates in the base excision repair (BER) pathway and is responsible for ≥95% of the total AP endonuclease activity in human cells. BER is a major pathway that copes with DNA damage induced by several cancer causing agents, including ionizing radiation and Temozolomide. Overexpression of APE1 and enhanced AP endonuclease activity have been linked to increased resistance of tumor cells to treatment with monofunctional alkylators, implicating inhibition of APE1 as a valid strategy for cancer therapy. 145 We analyzed two different unbound structures of APE1 by FTMap (Table 4) . The results show two main hot spots at the locations that bind the phosphate group (site A) of the abasic nucleotide, close to the divalent metal ion in the active site, and the sugar ring (site B) of the same nucleotide (Table 4 ). In ligand-free structures, there is also a weak hot spot (site U) at the phosphate group of the nucleotide two positions upstream from the abasic group, but the site is far (8 Å) from site B and closes down upon DNA binding. The mapping of DNA bound structures reveals another hot spot (site Y), formed by turning the side chain of Tyr128 out of the active site. This site is somewhat stronger when a bound Mn 2+ ion is present ( Figure 3D ). However, the two main hot spots remain weak, and although utilizing the latter hot spot may provide additional potency, there is nothing else near the small active site. Thus, we consider the active site of APE-1 to be druggable, but very weak, close to borderline druggability. In spite of recent hopes, 146 information available in the literature fully confirms this prediction. As described in an excellent review, 147 the reproducibility and biological value of a few potent compounds reported in early studies remain questionable and therefore APE1 was targeted in a number of more recent screens, which collectively returned over 50 compounds. However, even the best inhibitors had only low micromolar IC 50 values. Almost all compounds share a relatively small size, an aromatic hydrophobic central core that most likely binds at site B, and a negative ionizable group, frequently a carboxylate, which is thus predicted to bind at site A and to interact with the metal. On the basis of the weak druggability of the active site. we believe it will be difficult to get much higher potency, and APE1 selectivity may also become an issue. 147 However, it is possible that larger compounds, primarily macrocycles, will be able to take advantage of the additional U and Y sites, improving both potency and selectivity.
Protein Tyrosine Phosphatase 1B (PTP1B). PTP1B is a highly validated drug target with a very long history of failures to identify potent and selective inhibitors. The enzyme acts as a negative regulator in insulin signaling pathways. Inhibition of PTP1B activity exhibits potential for enhancing insulin action by prolonging the phosphorylated state of the insulin receptor. 148 A large variety of potent PTP1B inhibitors have been developed, such as 2 shown in Figure 3B with IC 50 = 7 nM, 149 and it is known that the primary challenges are cell permeability and selectivity. 150 The challenge of permeability is a consequence of the highly polar nature of the active site. Achieving selectivity is difficult because PTP1B and the most highly related tyrosine phosphatase, T-cell PTP (TCPTP), share 72% sequence identity overall and 94% identity for the active site residues. We analyzed two different unbound PTP1B structures by FTMap (Table 4 ). The results show that top two hot spots in the ligand-free PTP1B structures are located at the catalytic site (A site), with additional, weaker hot spots at a second, noncatalytic site for phosphotyrosine binding (B site) ( Table 4 and Figure 3E ). We agree with Hajduk et al. 7 that the A site is druggable on its own, i.e., it binds potent (albeit charged) ligands. As seen for other ligands with a phosphate group, the structure of PTP1B in complex with phosphotyrosines (PDB entry 1pty) shows that the binding changes the conformation of the loop comprising residues 180−184, which tightens the pocket, but the site can open up to accommodate larger inhibitors. All inhibitors must interact with the charged A site because it is the main source of binding affinity. Attempts have been made to replace the phosphate group with 1,1-dioxido-3-oxoisothiazolidin in site A and expand the inhibitor toward residues Tyr46, Arg47, and Asp 48, defined as the C site, without any strong hot spots. Such inhibitors (e.g., PDB entry 2veu) have IC 50 values between 100 and 2900 nM, but MW > 600 g/mol. 151 Alternatively, a number of inhibitors have been developed that have the phosphate group in site A but that expand into the less polar B site, thereby improving both affinity and cell permeability. To reach even the weaker hot spot at the B site, around 7 Å away from the A site, requires a molecule with MW > 500 g/mol. In addition, the residues that differ between PTP1B and TCPTP (Phe52Tyr and Ala27Ser) lie at the distal end of the B site. Thus, in order to improve selectivity, inhibitors first have to bridge from the A site to the first hot spot of the B site (7.7 Å) and then continue to the second, stronger hot spot of the latter site (another 6 Å). Adding interactions with the C site further improves binding,
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Perspective and such compounds reach an IC 50 of 5 nM and 7-fold selectivity over TCPTP. 149 However, inhibitor 2 of this type from PDB entry 1q6t, 149 shown in Figure 3B , still has the charged phosphate group and the high MW of 826.76 g/mol. Thus, we conclude that PTP1B is formally druggable, in the sense that very potent inhibitors can be and have been developed. However, the analysis of the hot spot strengths and locations, and the residue differences between PTP1B and its close homologue TCPTP, show that the requirements of high affinity, selectivity, and cell permeability cannot be simultaneously satisfied by an ordinary druglike compound.
14-3-3 Protein. The 14-3-3 family of phosphoserine/ threonine-recognition proteins engage multiple nodes in signaling networks that control diverse physiological and pathophysiological functions and have emerged as promising therapeutic targets for such diseases as cancer and neurodegenerative disorders. 152 14-3-3 proteins have been cocrystallized with several phosphoserine or phosphothreonine (pS/T) containing peptides.
153 Figure 4A shows such a phosphopeptide, ERα 591−595 (3), with phosphothreonine at position 594, and Figure 4B shows the compound named fusicoccin (4), originally identified as a fungal toxin, that stabilizes the binding of 3.
154 The 14-3-3 protein forms a weak homodimer, but each monomer can bind 3 independently in a well-defined elongated site with a deep pS/T binding cavity, together with 4 ( Figure  4D ). The protein has been recently cocrystallized with the inhibitor PubChem17588196 (5), shown in Figure 4C . 155 Figure 4E shows the resulting complex. 155 Although the IC 50 value of 5 is only 5 μM, it was shown to disrupt the interaction of 14-3-3 with aminopeptidase N in a cellular assay. 155 As shown in Table 4 and Figure 4D , the strongest hot spot of the ligand-free 14-3-3 protein is in the pS/T binding pocket, with additional hot spots, both at the side chains adjacent to the bound 3, and in other regions in the binding site. The binding of the phosphate is clearly an important part of the interactions with peptides and small inhibitors. However, the binding of the phosphate group, both in the peptides and the inhibitors, attracts the side chain of Arg129 into the pS/T binding pocket, eliminating the hot spot at that location (Table 4 ). This example emphasizes that the analysis of ligand-free protein structure, which here predicts the site to be druggable, provides useful druggability information, whereas restricting consideration to pocket properties in ligand-bound structures can be misleading when the protein binds charged ligands. Indeed, the 
Perspective inhibitors are located at the strongest hot spot, CC1, of the unliganded protein, rather than those present in the ligandbound structure ( Figure 4E ). The hot spot closest to CC1 is CC5, but even that distance is 8.2 Å; all other hot spots are even farther and are not used by the small inhibitor. However, the S2 and S3 sites at the pS/T − 1 and pS/T + 1 positions, respectively, remain relatively strong in all structures, suggesting that higher potency but larger inhibitors can most likely be found.
KRAS. The Ras (rat sarcoma) protein family members are all low-molecular-weight GTP-binding proteins that play a role in regulating cell differentiation, proliferation, and survival. KRAS, a key member of the Ras family, is an attractive cancer target, as frequent point mutations in the KRAS gene render the protein constitutively active. 156 However, even though the structure In this structure, the opening of the 58−65 loop creates a stronger hot spot, CC2 (magenta, 16 clusters). Inhibitor 7 from PDB ID 4lv6 is shown again for reference. Although the site in this open structure binds 16 probe clusters, the maximum dimension of CC2 is only 5.1 Å; thus, the site is not druggable without the covalent interaction with G12C.
Perspective and function of RAS have been studied intensively for nearly 30 years, it has remained elusive as a drug target. 40 The most obvious target site would be the deep pocket where GTP and GDP bind, but these nucleotides bind with nanomolar affinity 157 and are present at very high concentrations in cells. Therefore, we mapped the protein both with the GTP/GDP site free and also with the site masked to prevent probe binding (Table 4 ). There have been many attempts to find alternative sites to target, with recent successes by two groups, who reported small molecules binding to a pocket in the surface of KRAS that interacts with the SOS protein, 136, 158 referred to as Site 2.
159 Studying KRAS is complicated by the fact that the protein acts as a molecular switch with complex dynamics between multiple conformational states. 40 We analyzed three different unbound structures by FTMap. As shown in Table 4 , in mapping KRAS the GTP/GDP site dominates, if the site is not masked, with several strong hot spots at this location. In two of the three unbound KRAS structures, Site 2 in the KRAS/SOS interface had the second strongest hot spots. However, the hot spot has at most 13 probe clusters and has a small size (MD = 7.0 Å); hence, on the basis of the FTMap criteria, this site is classified as B* S . Nevertheless, the KRAS/ SOS interface has been targeted in recent campaigns, and two groups independently identified series of druglike inhibitors binding at Site 2, 136, 158 such as CHEMBL2086796 (6) 136 shown in Figure 5A . To show the hot spot in the unliganded KRAS structure, we superimpose a small ligand, benzamidine ( Figure 5C ). As the size of ligands increases, the number of probes in the main hot spot increases to 20, and second hot spot also opens in the structure cocrystallized with 6, but it is very weak and includes at most 5 probe clusters ( Figure 5D ). In addition, the maximum dimension of the hot spot region increases to 10.9 Å, and on the basis of these values, the site would be considered druggable. However, as our analyses of other targets shows, the mapping of the ligand-free structure usually provides more valid assessment of druggability that the mapping of the ligand-bound state, and on the basis of the former, the interface is only borderline druggable (B* S ). This prediction is supported by the fact that, in spite of major efforts, the best-known noncovalent inhibitor binding at this site has a K d value of 190 μM and is positively charged at neutral pH. 136 The hot spots are even weaker if the GTP/GDP site is masked (Table 4) , so the weakness of the hot spots at Site 2 is not due to the binding of probes elsewhere. We note that the mapping of the ligand-free KRAS structure places CC4 (salmon, 9 clusters) at the S3 site, in the pocket that binds the recently developed covalent KRAS(G12C) inhibitors such as SCHEMBL15337743 (7), shown in Figure  5B . 160 In this closed conformation of KRAS, the loop 58−65 would clash with the allosteric inhibitor 7 and thus prevent binding ( Figure 5E ). In spite of this unfavorable geometry, FTMap places a hot spot at the allosteric site. To show that the opening of the site would allow for the binding of 7, we constructed a homology model of the KRAS open state based on an open structure of HRAS. Figure 5F shows the mapping of the resulting structure with 7 superimposed. As expected, the opening of the 58−65 loop creates a stronger hot spot, CC2 (magenta, 16 clusters). However, the maximum dimension of this CC2 is only 5.1 Å; thus, the site is not druggable without covalent protein−ligand interaction. 160 HIV Integrase, LEDGF/p75 Interaction Site. Integration of HIV-1 DNA is required to maintain the viral DNA in the infected cell; hence, the integrase (IN) is an attractive target for HIV treatment. Two different mechanisms have been explored for IN inhibition. The design and discovery of IN inhibitors were first focused at targeting the catalytic site of IN, with the goal of achieving an effect on strand transfer. 161 Cheng et al. 8 considered this site to be undruggable, whereas, based on FTMap, we predicted it to be druggable (Table S3 ). In fact, since the publication of the work by Cheng et al., 8 several compounds targeting the active site, called integrase strand transfer inhibitors (INSTIs), have been approved. 162 Since INSTI resistance evolves readily, a proposed alternative approach is to disrupt the interaction between IN and the transcriptional coactivator protein LEDGF/p75, which results in inhibition through an allosteric mechanism. 161, 162 According to FTMap, the interface region of IN has a strong hot spot, but the hot spot ensemble is small (MD = 9.6 Å) and thus we classify the site as non-canonically druggable−small (D* S ), requiring charged inhibitors. In agreement with this prediction, the recently discovered potent inhibitors called LEDGINs include a carboxyl group. 163 An example of this class is (2S)-2-(6-chloro-2-methyl-4-phenylquinolin-3-yl)pentanoic acid (PubChem45281242), 161 which binds to IN with EC 50 = 69 nM. Note that the binding of the charged ligands reduces the hot spot, similarly to the 14-3-3 protein, again emphasizing that the ligand-free structure is likely to provide more accurate druggability prediction.
■ CONCLUSIONS
We show here that the druggability of binding sites on proteins can be evaluated with good reliability based on fragment hit rates, whether obtained experimentally (e.g., by NMR) or computationally using the FTMap algorithm, and establish clear FTMap-based criteria for druggability. Importantly, because the FTMap method is based on the biophysics of binding rather than on empirical parametrization to a particular training set of protein−drug complexes, meaningful information can be gained about classes of proteins and classes of compounds beyond those resembling validated targets and conventionally druglike ligands. In particular, the information provided by the mapping identifies targets that, while not druggable by druglike ligands, may become druggable using pharmaceutically attractive compound classes such as macrocycles or other large molecules that fall outside conventional definitions of druglikeness such as the rule-of-five. Application of the method to ZipA and PTP-1B show why these targets are not druggable. In contrast, results for other targets of high current biomedical interest, including apurinic/apyrimidinic endonuclease 1 (APE1), the SOS interaction site of KRAS, the phosphoserine/threoninerecognition protein 14-3-3, and the LEDGF/p75 interaction site of HIV integrase, show that, in these cases, it may be necessary to consider ligands lying outside conventional druglike chemical space and provide guidance as to what compound classes are most likely to succeed. Overall, due to the progress that has been made in recent years across multiple research groups and institutions, we believe that evaluation of protein druggability has entered an era in which, for the majority of cases, the prospects for identifying a pharmaceutically useful small molecule ligand can now be ascertained with good confidence based only on the X-ray crystal structure of the unliganded protein. These advances substantially lower the technical risk associated with launching a drug discovery project involving a novel protein target and provide valuable information concerning which approaches and chemotypes are most likely to succeed against a given site. He is the primary architect of ClusPro, Version 2.0, protein docking server, currently the best automatic server according to latest round of evaluations of the blind protein docking assessment CAPRI. ClusPro has more than 10 000 users and has run more than 100 000 jobs in the last 3 years. Dr. Kozakov is also the primary developer of the FTMap approach, which was used in this work. The FTMap server currently has more than 2000 users.
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